17 thymomas were studied by indirect immunofluorescence for the presence of thymic hormones and antigens of the major histocompatibility complex (MHC). The thymoma epithelial cells (specifically identified by their keratin content) contained thymic hormones (thymulin and thymosin al), a finding corroborated by the observation of elevated thymulin serum levels. In contrast with normal or hyperplastic thymuses, thymoma epithelial cells did not express HLA-DR and HLA-DC antigens as assessed by immunofluorescence as well as immunoblot analyses. Conversely, MHC class I antigens (HLA-ABC) were normally expressed. Thus, we conclude that thymoma epithelial cells are endocrinologically active but are defective for the expression of some MHC products (class II molecules) known to play an essential role in intrathymic T cell differentiation.
Introduction
Thymomas may be defined as the uncontrolled proliferation of thymic epithelial cells, regardless of the presence or absence of the lymphoid component (1) . Although variable amounts of lymphoid cells can be found in thymomas, the neoplastic proliferation is restricted to the epithelial component of the thymus. The tumor is frequently benign, particularly in older patients, but signs of local invasion are not uncommon, and in some cases true lymphatic or hematogenous spread may exist and generate metastases (1) . The thymoma is often clinically silent. However, it may also be associated with a number of diseases, among which the most common is myasthenia gravis (MG).' In fact, -10% of myasthenics have thymoma (2) .
To date, studies of epithelial cells in thymomas have mainly focused on the morphology of the tumor. A classification has been proposed, as a function of morphological criteria defined by light and electron microscopy (2) (3) (4) . More recently, the use of antikeratin antibodies provided a new tool in the study of thymomas by allowing an easy distinction to be made between thymic epithelial cells and other cell types. These antibodies label the cytokeratin-containing intermediate filaments, which in the thymus are restricted to the epithelial component (5) . These keratin filaments were proved to be consistently present in all cases of thymomas so far studied (6) ; hence the use of antikeratin antibodies in several laboratories as a probe for the differential diagnosis between thymoma and lymphoma of the thymus.
Little data are available, however, on the functional capacity of tumoral epithelial cells, particularly for the production of thymic hormones known to play an important role in T cell differentiation (7) . Three of these hormones have now been wellcharacterized, both chemically and biologically; namely, thymulin (formerly called FTS for Facteur Thymique Serique), thymosin a1, and thymopoietin (8) (9) (10) . The localization of these peptides within the thymus has been achieved by means of immunofluorescence (IF). Thymulin (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , thymosin aI (14, 15) , and thymopoietin (16, 17) are found exclusively in the epithelial cells of the thymus, and immunoelectron microscopic studies have shown that thymulin is actually localized within cytoplasmic vesicles; results were obtained with both polyclonal (18, 19) and monoclonal (20) antithymulin antibodies.
Another important function ofthe thymus, usually attributed to thymic epithelial cells, is the presentation of products encoded by the major histocompatibility complex (MHC) to immature lymphocytes, a phenomenon believed to be of paramount importance in the acquisition of the self-recognizing reactivity of T cells. Studies in mice (21, 22) and in humans (23) on the localization of MHC products in the thymus have shown that these antigens are essentially located in the plasma membrane of epithelial cells.
We have studied the distribution of the functional markers of epithelial cells, thymic hormones, and MHC products in a series ofthymomas (associated or not with MG) compared with nonthymomatous myasthenic thymuses and normal human thymuses. Furthermore, the immunohistological distribution of thymulin has been correlated with its serum level, assessed by a previously described rosette bioassay. Methods
Patients. 17 (4), the present series was comprised of 5 benign (2 spindle cell and 3 lymphocyte-rich thymomas) and 12 malignant cases (9 were ofthe differentiated epithelial type and 3 were described as undifferentiated epithelial thymomas). As immunohistological controls, 10 nonthymomatous thymuses (with variable amounts oflymphoid follicles) were obtained from myasthenic Specific antibodies. An antikeratin xenoantiserum was purchased from Clinisciences (Sees, France) and used at the dilution of 1:50. An antikeratin monoclonal antibody (MAb) that recognizes an epitope common to different cytokeratins was a gift from Dr. Jean Brochier (INSERM, Lyon, France) (24) . It was used in its unpurified form (culture supernatant diluted 1:20). Three different anti-HLA-DR MAb were used. The monoclonal 7.2 (25) was purchased from New England Nuclear, Boston, MA. It is an IgG2b immunoglobulin used as an ascitic fluid diluted 1:10. The antibody LKT 1 1 1(26) was a gift from R. Bono (Pasteur Institute). It is an IgM used as an ascitic fluid diluted 1:80. The third anti-HLA-DR MAb, L243 (27) , obtained from Becton-Dickinson & Co., Oxnard, CA, is an IgG2a whose ascitic fluid was used at the dilution 1:100. These three monomorphic anti-HLA-DR MAb were shown to precipitate both heavy and light chains of the DR complex. The anti-HLA-DC MAb is the clone Leu-10 from Becton-Dickinson & Co. It is an IgG 1 shown to recognize DC molecules of the MHC (28, 29) . The anti-HLA-ABC MAb B 1.23.2 and M 18 were gifts respectively from Dr. B. Malissen (30) and Dr. M. Fellous (31) . Bl .23.2 precipitates a 45-kD protein of the HLA-class I complex, whereas M 18 recognizes an epitope of the ,B2-microglobulin. Ascitic fluids were used at a dilution of 1:400. The anti-thymosin a I xenoantiserum, a gift from A. L. Goldstein (George Washington University, Washington, DC), was raised in rabbits immunized with synthetic thymosin al coupled to keyhole limpet hemocyanin. The specificity of this antiserum was demonstrated by radioimmunoassay (32) and IF (13) . In the present study it was used diluted 1:10. The antithymulin MAb was prepared in C57BL/6 mice immunized with cultured human thymic epithelial cells. The antibody produced was IgG2b and its specificity for natural as well as synthetic thymulin has already been demonstrated (33) . The ascitic fluid used in these experiments was diluted 1:20, which represents an immunoglobulin concentration of 0.1 mg/ml. Fluorescent conjugates. All the fluorescent conjugates were purchased from Nordic Laboratories (Tilburg, The Netherlands) and were systematically preabsorbed with rat organ powder to avoid nonspecific fluorescence. The goat anti-rabbit immunoglobulins conjugated to fluorescein isothiocyanate (GAR/FITC) or tetramethylrhodamine isothiocyanate (GAR/TRITC) were used at dilutions of 1:50. The goat anti-mouse immunoglobulins coupled to TRITC (GAM/TRITC) and FITC (GAM/ FITC) were diluted 1:50; the goat anti-mouse IgG2b immunoglobulin fraction conjugated to FITC (GAMIgG2b/FITC) as well as the GAMIgG2a/FITC and the GAMIgGl/FITC were used at dilutions of 1:20.
IF studies
Thymic fragments were frozen in liquid nitrogen a few minutes after surgical removal. At least two different fragments from each patient were analyzed. In all IF studies, 2-um unfixed thick frozen sections were treated as previously described (12, 13) . When double labeling experiments were performed, the frozen sections were sequentially incubated with the first specific antibody and its proper fluorescent conjugate followed by the second specific antibody and its corresponding conjugate.
Several markers were investigated by the indirect IF assay. They included two thymic hormones, namely, thymosin al and thymulin, keratin, HLA-ABC, HLA-DR, and HLA-DC molecules. Thymulin was detected using the antithymulin MAb revealed by the GAMIgG2b/FITC; thymosin a 1, by the antithymosin a 1 xenoantiserum revealed by the GAR/FITC. Thymic cytokeratins were detected either by the antikeratin antiserum (revealed by GAR/TRITC) or by the MAb (revealed by the GAM/TRITC). For the detection of HLA-ABC antigens, the anti-HLA-ABC MAb revealed by the GAMIgG2a/FITC was used. The binding of the anti-HLA-DR was revealed by the GAMIgG2b/FITC, GAM/FITC, or GAMIgG2a/FITC (according to their respective subclasses), and the anti-HLA-DC MAb was revealed with the GAMIgGl/FITC.
Immunoblot analysis
Fragments of two normal human thymuses and four thymomas were put in a buffer solution containing 0.1 M 2(N-morpholino) ethane sulphonic acid, pH 6.4, 1 mM EGTA, 0.5 mM MgCI2, 0.1 mM EDTA, I mM GTP, and I mM mercaptoethanol, and then homogenized. The total tissue extract obtained was mixed with the sample buffer solution containing 0.32% dithiothreitol, 0.5% sodium dodecyl sulphate (SDS), 0.2 M Tris, pH 6.8, 0.25% glycerol, and 0.01% bromophenol blue. After being boiled at 100°C for 3 min the preparations were used for electrophoresis.
Electrophoresis was carried out in a discontinuous slab gel containing 0.1% SDS composed of a 5-cm long stacking gel (5% acrylamide, 0.13% bisacrylamide) and a 24-cm long separating gel (12% acrylamide, 0.32% bisacrylamide) following the technique initially described by Laemmli (34) . The electrophoresis was run overnight at 11 mA/gel. For immunological detection, proteins separated by gel electrophoresis were transferred onto nitrocellulose (NC) sheets (0.45 m; Millipore/Continental Water Systems, Bedford, MA) after a 2 h and 30 min electrophoresis at 250 mA in 25 mM Tris, 1.92 mM glycine, pH 8.3, and 20% (vol/vol) methanol buffer. Proteins on NC were stained with 0.2% Ponceau red in 3% trichloracetic acid. The NC sheets were saturated for 1 h at room temperature with 10% fetal calf serum (FCS) in phosphatebuffered saline (PBS). After being washed with 10% FCS and 0.2% NP40 in PBS, the NC sheets were incubated 18 h at 4°C with the MAb L 243 (anti-HLA-DR) and Leu 10 (anti-HLA-DC), both diluted 1:10.
After several washings with 10% FCS and 0.2% NP40 in PBS, NC sheets were incubated with peroxidase conjugate goat Ig antibodies against mouse immunoglobulins (Amersham Int., Amersham, Buckinghamshire, England) for 2 h at room temperature. After the sheets were washed again, peroxidase activity was revealed with 0.03% H202 in the presence of 0.5 mg/ml 3.3' diaminobenzidine in 0.1 M Tris, pH 7.6.
Evaluation ofthymulin levels in the peripheral blood
The serum level of biologically active thymulin was evaluated by a rosette assay described in detail elsewhere (35) , and shown by us and several other investigators to be strictly thymus-specific (36) (37) (38) . To confirm the specificity of the biological activity measured, all the determinations were repeated after preincubation ofthe sera under study with an antithymulin MAb or a specific antithymulin immunoadsorbent.
Results
Epithelial (keratin-containing) network. Cytokeratin cytoplasmic filaments were observed in all thymuses studied and were used as a specific marker for epithelial cells. In the majority of thymomas, the epithelial (keratin-positive) network was strikingly dense compared with control thymuses. In some cases, small round cells predominated, but, in general, the epithelial cells presented many cytoplasmic processes. Hassall's corpuscles were seldom seen or totally absent.
Thymuses from MG patients, whether hyperplastic or involuted, showed an epithelial network pattern sharply different from that observed in thymomas. In both cases, the epithelial framework was usually roughly similar to that found in the normal thymus, with distinguishable cortical and medullary regions and many Hassall's corpuscles. In some hyperplastic thymuses, however, isolated clusters of small round epithelial cells displaying a denser pattern, similar to those observed in many thymomas, could be identified.
Thymic hormones. In most thymomas studied (associated or not with MG), the great majority ofepithelial cells were doubly labeled with the antikeratin serum and very brightly labeled with the antithymulin monoclonal (Fig. 1) . The specificity of this labeling for thymulin was confirmed by the complete inhibition ofthe fluorescence observed after preincubation ofthe antibody with synthetic thymulin (100 lAg/ml).
Thymuses (hyperplastic or involuted) from nonthymomatous myasthenic patients also showed many thymulin-containing Figure 1 . Thymoma frozen section immunolabeled by the antithymulin MAb (revealed by GAMIgG2b/FITC in Fig. I A) and the antikeratin antiserum (revealed by the GAR/TRITC in Fig. I B) . Thymoma epithelial cells are very rich in thymulin. X 500. cells in their parenchyma. These cells were found in the cortical as well as medullary regions of thymic lobules. In Hassall's corpuscles, the most peripheral cell layers were frequently (but not always) labeled.
Many thymosin a 1-containing cells were also observed in the great majority of thymomas studied. Their strict epithelial nature was demonstrated by double labeling immunofluorescence experiments in which they were all stained by the antikeratin MAb. The specificity of the antithymosin a1 binding was confirmed by the complete fluorescence inhibition achieved when the antiserum was preincubated with synthetic thymosin al1 (100 iig/ml). In the MG thymuses, either hyperplastic or involuted, similar results were observed, thus confirming the previous findings reported by Dalakas et al. (14) . Furthermore, using sections double labeled by the antithymulin MAb and the antithymosin aI serum, we found that the same cells bound both antibodies (Fig. 2) . It should be noted that the possibility of cross-reaction between these two antibodies for one thymic hormone was discarded in view of the inability of thymulin to inhibit antithymosin aI fluorescence and of thymosin aI to prevent antithymulin labeling.
Lastly, it is worth noting that in two patients, differential diagnosis could not be made between thymoma and other undifferentiated mediastinal tumors by conventional histology and electron microscopy. The demonstration ofthe epithelial nature of the malignant cell by the antikeratin antibodies and the labeling of the antithymulin and antithymosin al antibodies permitted the determination of their thymic origin.
Thymulin serum levels. Abnormally high levels of circulating thymulin were observed in the great majority of the patients studied. Thus, in the case of thymomas (associated or not with MG) thymulin levels were an average of six times higher than those found for normal age-matched individuals (Fig. 3 ). Interestingly, patients showing the lowest thymulin levels also showed unusually low numbers of thymulin-containing cells in their tumors.
Nonthymomatous myasthenics (with hyperplastic or involuted thymuses) also showed significantly higher thymulin levels than normal subjects of the same age, thus confirming our previous studies in myasthenic patients (39) . However, when compared with normal age-matched controls, significantly higher levels were measured in thymomatous patients than in myasthenic patients without thymoma.
The specificity of this hormonal activity was confirmed by its disappearance in all the cases after preincubation ofthe serum with a specific antithymulin immunoadsorbent or after evaluation of the same patient's serum after thymectomy.
HLA-ABC antigens. Class I MHC antigens were consistently detected in thymoma epithelial (keratin-containing) cells (Fig.  4) . Both anti-HLA-ABC MAb used strongly labeled these cells. In addition, lymphocytes and nonepithelial dendritic cells were also stained.
In hyperplastic or involuted MG thymuses, the distribution of HLA-ABC antigens was similar to that which we observed in the normal thymus. Medullary and cortical epithelial cells were sharply labeled but lymphocytes (including lymphoid follicles in the perivascular spaces of MG thymus) and nonepithelial dendritic cells were also consistently recognized by the monoclonals.
HLA-DR and HLA-DC antigens. Only very few thymoma cells were labeled by anti-HLA-DR MAb. These thymomatous Figure 3 . Thymulin levels in thymoma and nonthymomatous MG patients, as compared with aged-matched normal individuals. The use of two control groups is explained by the fact that nonthymomatous subjects were younger than those bearing thymoma. However, thymulin levels are significantly higher in both MG groups than in their respective age-matched controls. (Results are expressed as log-2 reciprocal titers.) noblot analysis. Both polypeptide chains of DR and DC complexes were detected in extracts of normal thymuses but not in the four thymomas studied (Fig. 6 ). In contrast with thymomas, hyperplastic and involuted MG thymuses revealed a large proportion of epithelial cells bearing class II antigens in a pattern similar to that found in the normal thymus (Fig. 7) . Both cortical and medullary epithelial cells were strongly labeled by the anti-HLA-DR and anti-HLA-DC MAb. In addition, within the pe- Figure 2 . Thymoma frozen section double labeled with the antithymosin a I antiserum (Fig. 2 A) revealed by GAR/TRITC and with the antithymulin MAb (evidenced in 2 B) by the GAMIgG2b/FITC). Epithelial cells are sharply labeled by both antithymic hormone antibodies. X 500.
HLA-DR-positive cells were sparsely scattered throughout the organ and had a dendritic shape. The double labeling experiments using the anti-HLA-DR MAb and the antikeratin serum clearly showed that these HLA-DR-positive cells were keratinnegative and thus not epithelial (Fig. 5 ). Epithelial cells were consistently DR-. This pattern was observed in all thymomas with all anti-DR antibodies tested regardless of whether they were from myasthenic or nonmyasthenic patients. Quite similar results were also observed concerning the presence of HLA-DC molecules (data not shown). clusion to be drawn from our studies is that in thymomas as well as in the several other pathological thymic conditions involving the epithelial component, which is either expanded as in thymic hyperplasias or atrophic as in the so-called "involuted" myasthenic thymus, thymic epithelial cells still produce thymic hormones (as revealed by IF). Furthermore, they secrete them, as shown by the abnormally high thymulin blood levels observed in the majority of the patients studied. Such studies have not yet been reported for any other thymic pathological conditions. Our results are in keeping with previous findings that showed Figure 5 . Thymoma frozen section immunolabeled by the anti-HLA-DR MAb (revealed by GAMIgG2b/FITC in Fig. 5 A) and the antikeratin serum (revealed by GAR/FITC in Fig. 5 B) . The only HLA-DRpositive cells seen are not epithelial (keratin-containing) cells. X 500.
ripheral epithelial cell layer of Hassall's corpuscles a strong labeling was noted. Nonepithelial dendritic cells from both hyperplastic and involuted thymuses were also HLA-DR and HLA-DC positive. These cells were predominantly localized in the connective tissue septae of the organ, but some of them were also observed within the parenchyma of the thymic lobules.
Furthermore, in hyperplastic thymuses, several clusters of class II positive cells (probably B cells) were found in the thymic septae.
Discussion
This paper provides a functional approach to the study of thymomas, associated or not with MG. The first and major con- abnormally high levels of thymulin (39) and thymopoietin (40) in MG. The thymic specificity ofthe increase in hormone serum level was evidenced by the disappearance of thymulin from thymomatous and myasthenic sera after thymectomy. Furthermore, we confirmed the previous reports by Chollet et al. (41) and Kirkpatrick et al. (42) who found increased thymic hormone blood levels in two thymomas not associated with MG. The consequences of the augmentation of thymic hormone production must be discussed in terms of the immune status of myasthenic patients. Considering the stimulatory effect ofthymic hormones on T helper cells (see reviews in references 43 and 44), it may be hypothesized that high levels of these hormones may be indirectly involved in the autoantibody synthesis present in many of these patients.
Our data open the possibility of using antithymic hormone antibodies as specific markers of epithelial cells concomitantly with antikeratin antibodies for the differential diagnosis of thymoma and other undifferentiated metastatic tumors. In two cases the thymic origin ofthe neoplastic cells could not be ascertained either by light or by electron microscopy. In these cases, the use of antikeratin antibodies currently used to distinguish between thymic lymphomas and thymomas with predominant lymphocytic populations (6) did not provide sufficiently clearcut data to positively identify thymomas from other tumors of epithelial origin. Their thymic epithelial cell nature was definitely established by the binding of antithymulin and antithymosin a 1 antibodies, two antibodies previously shown to bind selectively to the thymic epithelial cells (1 1-14) but not to any other normal or neoplastic tissue so far tested. Although the thymic specificity of thymosin acl has recently been questioned by Haritos et al. (45) , who demonstrated by radioimmunoassay the presence of prothymosin-a in several nonthymic tissues, to date the detection of the mature hormone as assessed by immunohistochemical means remains restricted to the thymus.
Our data clearly show that the thymomas examined in this study do not express the class II products of the MHC. The minority ofcells labeled with the anti-DR (or anti-DC) antibody was keratin-negative, hence nonepithelial and not belonging to the malignant proliferation. Conversely, in hyperplastic and involuted myasthenic thymuses, HLA-DR and HLA-DC positive epithelial cells were distributed in patterns similar to those found in normal thymuses as already described by Rouse et al. (46) and Natali et al. (47) but differing from a recent finding by Bofill et al. (48) , who did not find HLA-DR-positive cells in the medulla of hyperplastic thymic lobules. This absence of expression of MHC products by thyrnomatous epithelial cells is restricted to class II molecules, since HLA-ABC antigens were strongly detected in all cases studied.
The basis for this lack of class II molecules (as assessed by IF and immunoblot analysis) on thymomatous epithelial cells is not clearly understood. It may be hypothesized that it is simply due to the malignantly altered nature ofthe epithelial cell which does not permit the expression of the class II molecules. Alternatively, the absence of DR and DC antigens on the thymomatous epithelial cells could be explained by the exclusive development of malignant cells from a subpopulation of DR/DC negative epithelial cells. Although, to date, there is not any direct proof arguing for one of these hypotheses, it is interesting in this context to note that primary cultures of normal human thymic epithelial cells have also been shown to be DR-negative (49) while producing increasing amounts of thymulin as a function of the time in culture (50), a finding that argues in favor of a possible dissociation in the expression of class II molecules and thymic hormones.
The immunological consequences of the absence of class II expression during thymic differentiation events are difficult to evaluate in relatively old patients, like those studied here, whose lymphocytes have already undergone full T cell maturation. It remains, however, that these data render unlikely the role of HLA-DR/DC' cells in the initiation of the tumors. Conversely, the role of thymic hormones in this initiation, in conjunction with other signals or stimuli, could be envisaged since thymic hormones promote T cell differentiation and proliferation.
